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The drag of a sphere in a supersonic low-density flow has been measured
under both equilibrium and nonequilibrium surface temperature condi-
tions. The simple deflection technique described by Wegener and Ash-
kenas (1961a) has been exploited to yield drag data for free stream Mach
numbers between 1.8 and 4.4, free stream Reynolds numbers between
3 and 125, and free stream Knudsen numbers between 1 and 0.05. Radia-
tion heating of the sphere models has produced wall temperatures as high
as 1860° R (= 1033° K) resulting in wall-to-free-stream temperature
ratios up to 15; the drag increase due to heating has been measured at up
to 25% of the equilibrium wall temperature value. ;
4 v ‘)Lﬁo‘ r

1. Introduction

The flow regime between continuum flow and free molecular flow has
long been of interest to workers in the field of low-density gas dynamics.
Solutions of the very simplest problems, however, have been hampered
by ignorance of the role and nature of the parameters which must be
included in any analysis. The present investigation was planned to
provide experimental data which might be used to furnish some insight
into the mechanism of the drag of a body operating at a Knudsen number
that is neither high enough for complete free-molecular flow nor low
enough for complete continuum flow. Previous sphere drag investiga-
tions, e.g., Kane (1951), Sherman (1951), Jensen (1951), Wegener and
Ashkenas (1961a,b), and Sreckanth (1961) have, in general, been con-
cerned with the drag of a sphere, the surface of which has been allowed to
reach an equilibrium temperature; i.e., recovery temperature and/or
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LOW-DENSITY SPHERE DRAG MEASUREMENTS 279

radiation environment (tunnel walls at room temperature) have been the
principle sources of sphere heating, giving a wall-to-stagnation tem-
perature ratio approximately equal to one. The present experiments
have been concerned not only with the case where Tw/T, ~ 1, but also
with Tw/Ty > 1. Emphasis has been placed on providing a fairly large
body of experimental drag data, over widely varying wall temperatures,
in the hope that a consistent picture of the drag mechanism might be
formed.

1I. Apparatus and Methods

A. Wind Tunnel

The experiments were conducted in Leg 1 of the Low Density Gas
Dynamics Facility of the California Institute of Technology Jet Propul-
sion Laboratory. This facility has been recently relocated and modified
as shown in Fig. 1; the modifications have resulted in the extension of
tunnel operation to higher mass flows than were possible with the
arrangement depicted by Wegener and Ashkenas (1961b). The tunnel is a
conventional open-return, open-jet, low-density wind tunnel powered by
three oil-diffusion-ejector pumps with a total pumping capacity of
7300 liters/sec at Iu Hg. Features of the tunnel include remote actuation
of valves, as well as automated safety devices which allow unattended
operation of the facility; the latter provision makes for little operating
time loss due to pump warm-up.

Two nozzles were used for the present experiments; the first of these
was a simple conical nozzle designed to operate at a nominal Mach
number of 2. The second was a copy of the contoured Mach number 4
nozzle described by Sreekanth (1956). Both nozzles were externally
wrapped with a copper coil, and the entire assembly cast into a cylinder of
low-melting-point alloy. Liquid nitrogen pumped through the copper
coil cooled the entire mass to ~80° K and the resultant thinning of the
nozzle wall boundary layers allowed testing with an isentropic core to
lower densities than were possible with the nozzle walls at room tem-
perature. The cooling scheme and initial calibration of the cooled nozzles
are due to Russell (1962).

For both nozzles, calibration was effected with a pitot-tube in
combination with a strain-gage, diaphragm-type pressure transducer.
The pitot tubes used were of circular cross section and had a 10°
(3 angle) external chamfer at the mouth. Viscous corrections for such
a tube have been reported by Enkenhus (1957) and Ashkenas (1962).
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Nozzle calibrations included the determination of that pressure in the
tank containing the working section which minimized the Mach number
gradient at the measuring station,

B. Models

Sphere models consisted of steel and bronze bearing balls glg, —11—6, and
Lin. in diameter. Precision balls with diametral tolerances of
40.00001 in. and sphericity tolerance of 0.00001 in. were used in all
cases. The sphere is suspended on a fine wire in the jet; damping is
achieved by the addition of a second sphere immersed in silicone oil
beneath the jet. Both tungsten wire and chromel-alumel wire were used
for the suspension; diameters varied from 0.00015 to 0.0005 in. The

flow geometry is shown in Fig. 2; Fig. 2 also sketches the methods of

CHROMEL WIRE
WIRE ATTACHMENT STEEL
DETAIL BEARING
BaLL
ALUMEL WIRE

Fi1Gc. 2. Sphere drag flow geometry.

wire attachment and temperature measurement. The fine wires are
welded to the sphere surface. For the thermocouple materials this results
in the entire sphere acting as the thermojunction. Thus, the temperature
measured is a bulk average; this is taken to be Ty, the wall temperature.

C. Sphere Heating

Radiation heating was used to control the temperature of the sphere.
Two 8-mm movie projector lamps with built-in ellipsoidal reflectors
were used in a manner similar to that described by Ostriker and Davey
(1960). The combined rated output of the lamps was 300 watts. At this
rating, the sphere surface temperature could be raised to about 1150° K.
Since this is above the melting point of bronze, temperatures were
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Fic. 3. Setup for heated sphere measurements.
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restricted to less than 1000° K. The general arrangement of lamps,
sphere and nozzle is shown in Fig. 3. The lamp bulbs are placed at the
jet edges, and have no effect on the sphere drag, as evidenced by agree-
ment between measurements with and without the bulbs in place.

Initial testing was done using the thermocouple wires as the support
wires for the sphere; drag and wall temperatures were measured
simultaneously. Subsequent tests with the smallest diameter (1/32 in.)
sphere indicated that the tare drag of the smallest available thermocouple
wire (0.0003 in.) was as great as the drag of the sphere itself. In order to
eliminate these high tare runs, tungsten wires (0.00015 in. diam) were
used for the suspensions. Sphere surface temperatures were determined
by calibrating the power input to the heating lamps against the tempera-
ture of a given sphere suspended on thermocouple wire for all the flow
conditions encountered during the drag measurement runs. This gives
rise to some uncertainty as to the actual sphere temperature at which
the drag measurements were made. It is estimated that this uncertainty
i1s no more than +20° F.

1ll. Wire Tare Drag

The drag of the support wire must be determined in order to compute
the drag of the sphere alone. The method of wire drag measurement has
been reported in Wegener and Ashkenas (1961b). For the experiments
reported here, additional measurements of the drag of a heated wire had
to be made. Again, the photographic technique of Wegener and Ashkenas
(1961b) was used. A chromel-alumel thermojunction formed of the
suspension wires was placed at the measuring station and wire drag
measured together with the temperature of the wire. The flow conditions
and the lamp geometry were the same as those which obtained during
the sphere drag experiments. Thus, although the wire had a nonuniform
temperature distribution imposed upon it, the temperature loading was
presumed the same as for the case of wire plus sphere. Finally, for
ease of computation, an empirical equation was fitted to all the wire drag
data for a given nozzle and this equation was used in the data reduction
process. The two equations (for the two nozzles used) are:

For M ~ 2 nozzle:
Dy = kuq,T%'?(0.250M,, — 0.299)
For M ~ 4 nozzle:

Dy = kg T (0.458M,, — 0.829)
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Here Ty is the measured wire temperature, °R; M, and ¢, are the
free stream Mach number and free stream dynamic pressure, respectively.
The constant k; in each of these equations was arbitrarily chosen to
force the data for each different wire diameter to coincide. The departure
of the measured wire drag from the empirical equations given above is of
the order of 4109, ; for this reason, the wire diameter is chosen so that
the wire drag never exceeds 309, of the total drag. Thus, errors in the
sphere drag data due to uncertainties in the tare drag should not
exceed 4-39%,.

tV. Experimental Results and Discussion

The data for the sphere drag have been reduced by the methods des-
cribed in Wegener and Ashkenas (1961b) to the form of C,, the drag
coefficient. Note is made here of the fact that the diameter of the sphere
used in calculating the drag coefficient included the effects of thermal
expansion. At the highest temperatures this correction represents a
29, change in the effective area of the sphere.

The sphere drag data are shown graphically in Figs. 4 and 5. Data
obtained at M =~ 2 are shown in Fig. 4; those at M & 4, in Fig. 5. In
these two figures, the drag coeflicient is shown as a function of the
Reynolds number at the wall, where

PuUod
Hw

Rey =

i.e., the Reynolds number based on free-stream mass flow, and viscosity
evaluated at the wall temperature. Each of the curves in Figs. 4 and 5
represents a single free-stream condition; thus, M, Re., and Kn, are
constant along any one of the curves, as noted in the table on each
figure. The variation in Cp, and Rey along each curve is due solely to the
variation in the temperature of the sphere. Along each curve, decreasing
Re,, represents increasing wall temperature. The effect of the increasing
temperature is to increase the drag of the sphere.

The mechanism whereby heating the wall of the sphere results in a
drag increase is not clear. That an increase is to be expected is evident.
Consider the case of viscous, continuum flow: here, heating the wall
increases the fluid viscosity giving rise to higher skin friction and thus
increasing the drag. If we take the completely free molecular flow view,
heating the wall of the body results in reflected molecules leaving the
surface with greater energy than at incidence (assuming that the reflec-
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tion process is not completely specular) and thus again, wall heating
produces a drag increase.

To date, this writer has been unable to find a rational correlation
parameter for the data shown in Figs. 4 and 5. The use of Rew as the
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variable against which to plot Cp was dictated by the fact that the
Knudsen number range of the data fell closer to the continuum flow
regime than to free-molecule flow; hence, the continuum flow parameter
which governs the boundary-layer thickness on the sphere was chosen.
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Fic. 5. Heated sphere dragat M =~ 4;520° R < Tw < 1860° R.
Rew = PcoU wd/F'T=Tw-

Correlations on the basis of several other logical (and some illogical)
parameters have been attempted. Some of these parameters were based
on continuum flow hypotheses; e.g.:

(a) The drag increase is due to an increase in pressure or form drag.
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That is, the thickening of the boundary layer due to heating results
in an increase in the effective sphere diameter, which in turn results
in increased pressure drag.

(b) The drag increase is due to increased skin friction. In calculations
based on the method of Cohen and Reshotko (1956), as performed
by Chahine (1961), attempts were made to evaluate the boundary
layer growth with temperature; unfortunately, the work of Cohen and
Reshotko, along with countless other boundary layer analyses, fails
to treat the case of the hot wall.

Other parameters considered the free-molecular flow aspects, e.g.:

(a) A “wall” Knudsen number, based on the Mach number behind a
normal shock wave and the Reynolds number at the wall.

(b) Wall-to-free-stream temperature ratio, singly and in combination
with free-stream Mach number.

Suffice to say, none of the approaches outlined above have proved to
be of any worth. Some general statements regarding the data may be
made.

I. For a given sphere, the increase in drag due to heating becomes
greater as the free stream Knudsen number is increased.

2. The low Knudsen number cases, e.g., for the § in.-diameter sphere,
show only a small drag increase due to heating.

3. There seems to be little Mach number effect, as far as the drag
increase due to heating is concerned.

4. Curves at approximately the same Kn, (for differing sphere
diameters) do not coincide.

5. Curves at approximately the same Re, (for differing sphere
diameters) do not coincide.

The picture is further clouded by the evidence presented in Fig. 6.
Here, the M =~ 4 data for three different spheres have been normalized
by the equilibrium Cp, value and the resulting ratio plotted as a function
of wall temperature. The curve shown in the figure has been calculated
using the free molecular flow analysis of Schaaf and Talbot (1959).
The data for Kn, = 0.5 and 1.0 agree quite well with this calculated
curve; that for Kn, = 0.25 falls somewhat below the analysis. This
result, if true, is quite surprising, the indication being that, for the sphere,
free-molecular flow is achieved when Kn, — 1.0. Further investigation
of this point is under way at the present time.

A comparison of the present data with that of Aroesty (1962) is shown
in Figs. 7 and 8. These are included for the sake of completeness, as the
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reference data includes measurements for Tw/Ty < 1 while the present
data are for Tw/T, > 1. There is slight disagreement between the two
sets of data for T/T, = 1. This writer ascribes some, if not all, of this
discrepancy to the tabs of supporting wire depicted in the detail of
Fig. 2. Measurements made without these tabs give a slightly lower Cy, .
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Fic. 6. Drag increase due to heating M =~ 4.146,
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